We reported previously the cloning and sequence of the Bacillus subtifis infB gene which encodes the essential IF2 factor required for initiation of translation (K. Shazand, J. Tucker, R. Chiang, K. Stansmore, H. U. Sperling-Petersen, M. Grunberg-Manago, J. C. Rabinowitz, and T. Leighton, J. Bacteriol. 172:2675-2687. The location of the 5' border of the infB operon was investigated by using integrative plasmids carrying various DNA fragments from the region upstream of the inf8 gene. The lethal effect of disruption of the infi transcriptional unit could be suppressed when the integrated plasmid introduced the spac promoter upstream of the inJB operon and transformants were selected in conditions of induction of spac expression. Translation initiation is usually the rate-limiting subreaction in the protein biosynthesis process, and as such, it is the focal point for control of translation efficiency (17). Initiation of protein biosynthesis is a complex process involving ribosome-binding motifs present on the mRNA (the ShineDalgarno sequence as well as additional sequence elements), the 30S ribosomal subunit, formyl-Met-tRNA, GTP, and three protein factors (17, 19, 23, 28) . The three ribosomeassociated proteins, initiation factors IF1, IF2, and IF3, play a crucial role in initiation of translation. They are involved in the selection of initiator tRNA (19) and in controlling entry into the elongation cycle (28).
Translation initiation is usually the rate-limiting subreaction in the protein biosynthesis process, and as such, it is the focal point for control of translation efficiency (17) . Initiation of protein biosynthesis is a complex process involving ribosome-binding motifs present on the mRNA (the ShineDalgarno sequence as well as additional sequence elements), the 30S ribosomal subunit, formyl-Met-tRNA, GTP, and three protein factors (17, 19, 23, 28) . The three ribosomeassociated proteins, initiation factors IF1, IF2, and IF3, play a crucial role in initiation of translation. They are involved in the selection of initiator tRNA (19) and in controlling entry into the elongation cycle (28) .
The genes encoding the three initiation factors, infA (IFi), infB (IF2), and infC (IF3), were first cloned in Escherichia coli (35, 36, 38) . Recent studies have identified homologs of infA in Bacillus subtilis (4), of infB in B. subtilis (42) , Bacillus stearothermophilus (6) , and Streptococcus faecium (10) , and of infC in B. stearothennophilus (33) . The Bacillus infA and infC genes have been shown to belong to operons encoding other ribosomal proteins (4, 33) .
Only part of the B. subtilis infB operon was cloned previously, and its structure, outside of the infB gene, was not characterized (42) . The E. coli infB operon contains the metY gene encoding a minor form of initiator tRNA, three genes encoding proteins of unknown function (P15A, P15B, and P35K), infB itself, and the nusA gene encoding a protein which is involved in termination of transcription (15, 20, 32, 39) . To define the genes cotranscribed with infB in B. subtilis and to compare the organization of the infB operon in bacteria belonging to the gram-positive and gram-negative * Corresponding author.
lineages, we have cloned the entire B. subtilis infB operon and determined its complete nucleotide sequence.
MATERIALS AND METHODS
Bacterial strains and media. DNA was cloned from B. subtilis 168RS2 provided by J. C. Rabinowitz. Strain JH642 trpC2 pheAl and its derivative M01099 amyE::erm (13), both provided by P. Stragier, were used as recipients for plasmids carrying lacZ fusions. B. subtilis cells were transformed as described previously (1) . Antibiotics were added to selection and growth media when required: chloramphenicol (5 pug/ml); and a mixture of erythromycin (0.5 pug/ml) and lincomycin (12.5 pug/ml).
Plasmid constructions were made in E. coli DH5at (from Bethesda Research Laboratories) and JM101 (48) as described before (37) . In some cases the TG90 strain (13) carrying the pcnB80 zad::TnlO allele was used to reduce the copy number of ColEl derivative plasmids (26) . E. coli was grown in LB medium (37) Characterization of the infB operon mRNA. B. subtilis RNA was prepared as described before (12) . Northern (RNA) analysis was performed by using a published detailed protocol (9) . Ten Primer extension analysis was performed as described previously (29) . The primer was complementary to the sequence located immediately upstream of the first open reading frame, BsplSA: 5'-CTTGTGCTGTCGATCTCA. The extension product was run in parallel with the sequencing ladder generated by the chain termination method, using the same primer and a single-stranded DNA template prepared from a pTZ19R-infB derivative.
Transcriptional lacZ fusions.,A 628-bp EcoRI-HindIII fragment containing the promoter of the infB operon was cloned upstream of the E. coli lacZ gene in the pDG268 plasmid (2) . In this plasmid a chloramphenicol resistance marker and the lacZ genes are flanked by sequences from the amyE locus. The recombinant plasmid was linearized with a restriction enzyme cutting within the vector sequences. The lacZ fusion and the cat marker were integrated by a double recombination event into the chromosomal amyE locus of the recipient strain M01099. Transformants derived from this double recombination event were easily identified by the acquisition of plasmid-encoded chloramphenicol resistance and the loss of an erythromycin resistance marker within the amyE locus of the recipient chromosome (13) .
An overlapping 1,153-bp EcoRI-HincII fragment was cloned upstream of lacZ between the EcoRI and SmaI sites of the integrative plasmid pJM783 (30) . This plasmid does not contain any B. subtilis sequences or a functional replication origin for B. subtilis. Transformation was done with circular plasmid DNA, and selection for chloramphenicol resistance led to integration of the whole plasmid by a single recombination event at the homologous locus.
Bacteria were grown in LB medium containing 1% glucose. 1-Galactosidase assays were performed on sonically disrupted extracts as described before (44) (42) (Fig. 1) . Restriction mapping and partial sequence data showed that, in addition to a central overlapping region, XJET1 spans the downstream region and XJET2 spans the upstream region of the infB gene (Fig. 1) VOL. 175, 1993 on January 12, 2018 by guest , and P15B (C) proteins. Alignments were generated by the method of Kanehisa (25) . In each case the B. subtilis sequence is shown above the E. coli sequence. In the upper part of each panel, the proteins are aligned and identical (=) and conserved (-) residues (41) scription of downstream genes (Fig. 2) . Chromosomal DNA from this IPTG-dependent B. subtilis strain was purified, digested with EcoRI, and ligated, and the ligation products were introduced into an E. coli pcnB strain in which ColEl replicons are present at low copy number (26) . A recombinant plasmid was recovered and found to carry a 1.1-kb EcoRI-HincII insert ( Fig. 1 and 2 ). This plasmid could be integrated into the B. subtilis chromosome. Since the spac promoter was lost during the chromosome "walking" process (Fig. 2) , the isolation of viable chloramphenicol-resistant colonies strongly suggests that the promoter of the infB operon is present in the EcoRI-HincII fragment.
Nucleotide sequence analysis. The nucleotide sequence of a 5,760-bp region was determined and showed the presence of seven open reading frames (including the infB gene), as well as two additional open reading frames that extend beyond the insert (Fig. 3) . The first 633 bp of this sequence are identical to the 3' end of the previously published polC sequence (18) , and the truncated reading frame present at the 5' border of the sequence shown in Fig. 3 encodes the last 40 amino acids of DNA polymerase III, the polC product. The presence of the polC gene in close proximity to infB is in good agreement with the previous determination of the infB chromosomal position (42 (Fig. 3) . There are no genes in the E. coli infB operon coding for similar polypeptides; however, a homolog of the ORF2-encoding gene is present in the region located immediately upstream of infB in B. stearothermophilus (6) and in S. faecium (10) (65 and 44% identity, respectively; data not shown).
The infB gene is followed by a 92-codon open reading frame potentially encoding a 10,652-Mr polypeptide, ORF3. The initiation codon of this putative gene overlaps the termination codon of infB and is not preceded by any ribosome-binding site (Fig. 3) , which indicates that translation of both genes could be coupled. Insufficient sequence information is available to know whether a similar gene exists downstream of infB in B. stearothermophilus (6) . There is no homolog in the E. coli infB region.
The ORF3-encoding gene is immediately followed by an open reading frame that could code for a 117-residue polypeptide (13, 387 Mr) . This putative polypeptide displays 41.8% identity with the product of the E. coli pl5B gene that is located downstream of infB (Fig. 4C) . On the basis of this similarity, we designate this open reading frame BsplSB.
The open reading frame extending outside the 3' border of the sequence shown in Fig. 3 codes for the first 65 residues of a polypeptide that shares 35.3% identity with the N-terminal part of the E. coli p35 gene product (data not shown). On the basis of this similarity and the common location of the two genes downstream of pl5B, we designate this open reading frame Bsp35.
Transcription of the inJB operon. As described above, the successful integration of the EcoRI-HincII fragment into the B. subtilis chromosome (Fig. 2) suggested the presence of a promoter in this fragment. Precise promoter mapping was performed by primer extension after hybridization of total RNA with an oligonucleotide complementary to sequences located just upstream of the Bspl5A gene, as detailed in Materials and Methods. Only one product of the elongation reaction was detected, and it was calibrated by migration beside a sequencing ladder produced with the same primer on single-stranded DNA from the same region. As shown in Fig. 5 , the mRNA 5' end was localized at position 279 to 280 in the DNA sequence. This result is consistent with the locations of promoter motifs immediately upstream of the transcription start (TTGCAA-17 bp-TATAGT) and suggests that the infB operon is transcribed by RNA polymerase associated with the major vegetative sigma factor, v .
No other RNA species with higher molecular weight were detected in the primer extension experiment. To determine the size and the number of the infB transcript(s), a set of Northern blot experiments was carried out. Total RNA from B. subtilis was containing the 5' half of infB (Fig. 1) . As shown in Fig. 6 , both probes detected a major RNA transcript of approximately 5.2 kb. The size of this transcript would be consistent with an mRNA starting around position 280 and terminating downstream of infB, in the noncoding region located between BsplSB and Bsp35. There is a potential stem-loop structure centered around position 5505 in this interval, and it could be the transcriptional terminator of the infB operon (Fig. 3) .
Expression of the infB operon was monitored by fusing its promoter region to the E. coli lacZ gene. The 0.65-kb EcoRI-HindIII fragment containing the infB promoter was subcloned upstream of the lacZ gene in the pDG268 vector (2) . This plasmid allows integration of the fusion by double recombination into the chromosomal amyE locus (43) , where lacZ transcription is driven exclusively by the promoter(s) present in the cloned fragment. A similar DNA fragment (EcoRI-HincII; Fig. 1 ) was cloned upstream of lacZ in the integrative plasmid pJM783 (30) . After integration into the B. subtilis chromosome by a single (Campbell-like) homologous recombination event, the lacZ gene is placed under the control of all cis-acting sequences present upstream of the infB operon. P-Galactosidase activity was monitored during exponential growth in rich medium from several clones carrying either one of the two lacZ fusions. Similar specific activities (approximately 300 U) were found with both fusions, indicating that no significant transcriptional readthrough originates from thepolC gene and confirming that an active promoter is present in the polC-nusA interval.
DISCUSSION
Integrative plasmids are a useful tool for determining the borders of polycistronic operons as long as disruption of the transcriptional unit leads to an observable phenotype (31) . Such an analysis becomes more difficult when the operon encodes an essential product. However, the ftsAZ operon could be disrupted when an integrated plasmid introduced the spac promoter upstream offtsZ and transformants were selected in the presence of IPTG inducer (3) . We used a similar strategy to integrate a plasmid upstream of the infB gene and to "walk" from that plasmid up to the neighboring poiC gene. This strategy allowed the cloning of an additional 1.1-kb region that extended beyond the previously isolated infB clones (42) .
The infB gene maps at 1470 on the B. subtilis chromosome (42) . The gene order in this region is spcB-infB-polC, with spcB lying closer to the origin of replication at 00 (27, 42 Five of these reading frames are predicted to encode proteins with significant similarity to the products of genes present in the infB region of the E. coli chromosome. A comparison of the genetic organization of the B. subtilis and E. coli infB loci indicates a striking conservation between these two distantly related organisms, with the presence of five conserved genes in the same order: pJ5A, nusA, infB, plSB, andp35 (Fig. 7) .
The amino acid identity between the corresponding proteins varies from 37.4% (p1SA) to 48% (infB). We reported previously that the similarity between the two IF2 proteins is distributed over the C-terminal two-thirds of their sequences (42) . We have used hydrophobic-cluster algorithm analysis (11) (46) . The E. coli NusA protein is involved in the control of transcription termination (7, 21 (10) . A homolog of ORF1 appears also to exist at a similar location in B. stearothermophilus (16) . These genes might be specific to the gram-positive lineage, and elucidation of the physiological role of their products must await further genetic analysis, by integration of plasmids that inactivate one gene while restoring downstream transcription through the spac promoter.
A single promoter appears to control expression of the infB operon under the conditions tested (logarithmic growth at 37°C in rich medium), a situation quite different from what has been described in E. coli, in which three promoters bracketing the metY gene (absent at that position in B. subtilis) direct transcription of the infB operon (14) . This unique promoter has been characterized genetically by using integrative plasmids, functionally by monitoring its expression after fusion to lacZ, and at the DNA sequence level by primer extension experiments. Multiple RNA secondary structures located between the metY and plSA genes in E. coli are thought to modulate the level of expression of the downstream genes of the nusA-infB operon (34) . The NusA protein has been proposed to be involved in this regulatory system (32) . It is intriguing that the B. subtilis infB mRNA starts with a 176-nucleotide untranslated leader sequence that contains several predicted RNA secondary structures (Fig. 3) . Their potential role in regulating expression of the nusA-infB operon in B. subtilis remains to be investigated.
